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(57) A proc ess provides a ceramic film, such as a 
mesoporous slhca film, on a substrate, such as a silicon 
wafer. The prod -ss includes preparing a filrr>f orming flu- 
id containing :i ceramic precursor, a catalyst, a sur- 
factant and a solvent, depositing the fllm^ormtag fWid 



on the subslrale, and removing the sorvemfmm the film- 
forming fluid on the substrate to produce the ceramic 
film on the subeirate. The ceramic, film has a dielectric 
constant below 2.3, a halide content of less than 1 ppm 
and a metaJ content of less than 500 ppm, maKing It use- 
ful for current and future microelectronics applications. 
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Description 

CROSS-REFLRENCE to related applications • 

s [0001] TWs is a continuation-in-part of US Patent Application S.N. 09/518,955 filed 3 March 2000, which is a corv 
tinuation-in-pnrt of US Patent Application S.N. 09/455 : 999 filed 7 December 1 999. 

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH OR DEVELOPMENT 

10 [D0O2J Not .nppJicat>lo. 

BACKGROUND OF THE INVENTION 

[0DO3] This rnventlon relates to films having reduced dielectric constants, and mors particularly to a process for 
*s producing met<oporou£ ceramic films having increased porosity, reduce© helide content end reduced motel content. 
[0004J Then - - is a need In we electronics industry to prepare Integrated circuit* with Increased feature density, in 
order to do thk. effectively, meiai winng in the devices must be placed closer together. As the feature size decreases, 
insulating mat* -rials with more Insulating ability are required. Currently, devices at 0.1 8 micron line width use materials 
based on den: e silica, or partially nuorinaled derivatives thereof, Typtcaf dieted ric constants for these materials range 
zo between aboui 4.2 and 3,e, wherein the dielectric constant is a relative scale in which a vacuum is defined as having 
a dJelecrric constant of about 1 . As the line width in the devices decreases to 0,13 microns and below, significant 
decreases in the dielectric constant of the intertaydr dielectric material win be required. Current estimates suggest that 
dielectric constants in the range of 2.2 or less will bo required. To accomplish this goal, various classes of materials 
arc currently under investigation. Those include both organic polymers and porous oxide materials. 
*s JOOOS) Orb potential route to reducing the dielectric constant is to develop voids within the material. In Ihe case of 
slice-based mHteriels, thora are several ways to accomplish this. It le known that aerogels and xerogeb have very 
high porosity, h nd subsequently dielectric constants as low as 1 .1 or less. Several drawbacks have been found to this 
approach. Rrsi. the materials are not mechanically robust, and have difficulty surviving the integration process em- 
ployed in chip n lanufacturlng. Also, the porosity is made up of a broad distribution of pores sizes. This causes problems 
30 in etching end achieving a uniform sidewall barrier coating. 

[0006) Another possible class of porous silica materials is Zeolites. Methods are known to prepare thin films of zee- 
Irtee, but the relatively low porosity prevents them from achieving dielectric constants of 2.3 or less. A porosity of more 
than 55% is required to achieve the dielectric constants in a SIO? material of interest, according id the Maxwell equation 
(the Maxwell equation is described in Krngery et al_, IntnxUtGUon to Ceramics, p. 94B (John Wiley & Sons, inc. 1 970)). 
3s [0007] With If >ese criteria in mind, some have proposed employing ordered mesoporous silica materials to prepare 
low dielectric constant films. Preparation of thin fifri materials Is a requirement of this technology. It is currently known 
that preparation of mesoporous films can be accomplished via a sol gel route. Several examples are described in U. 
S. Patents Nos 5,858,45710 Brlnker et al. and 5,645,081 to Liu et al., and WO 99/37705. These examples cternonstrate 
that It is possible to prepare mesoporous silica films. 
40 [0006] However, both the Srinker et al. and Liu el al. patents fail in several aspects Identified by the present inventors 
as being critical to forming films acceptable for use in electronics applications. Neither patent teaches the use of rea- 
gents acceptable for use in the electronics industry. Both recite the use of a catfonfc, quaternary ammonium surfactant 
which Is requimu to template the ordered pore structure of this class of materials. Such surfactants have rial we counter 
ions wrtlcfi are corrosive to the metals and some barrier materials used in The preparation of integrated circuits, Although 
45 Uu et af. teaoht s performing Ion exchange to remove the heUde. It is no! clear from Liu et al. how much, If any, of the 
hallde remains within the film after Ion exchange. Moreover, the ion exchange step Increases the complexity and ex- 
pense of the mL-thod- 

[0009] AnothLi problem with the prior art Is the use of MCI as the acid catalyst for the sol gel reaction to form silica 
from a silica precursor such as tetraethylorthosilicate. Halldes are, as mentioned above, corrosive to tho metals and 
bo barriers used in these applications. 

[0010] /n addiuon to teaching the uso of cationic surfactants to template the ordered pore structure of meeoporous 
films, U.S. Patent No. 5,858,45710 Brlnker et al. also toaohos the use of nenlonle surfactants for the same purpose. 
However, Brlnker et al. does not appreciate the advantages of using nonlonie surfactants ratherthan cationic or anionic 
surfactants. 

Ss [001 1] All refei ences cited herein are incorporated herein by reference in their entireties. 
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BRIEF SUMMARY OF THE INVENTION 

[0012] The invention provides a process for producing a ceramic film having a dielectric constant below 2.3, b halide 
content of lesr than 1 ppm and a contaminant metal content of lees than 1 ppm. 
5 [001 3] The invention aJso encompasses ceramic films having a dielectric constant betow 2.3, b halide content ol less 
than 1 ppm and a contaminant metal content of less than 1 ppm. 

BRIEF DESCi OPTION OF SEVERAL VIEWS OF THE DRAWINGS 

10 10014] The invention will be described In conjunction with the following drawings In which like reference numerals 
designate like elements and wherein: 

Fig. 1 is a ihree-dimensional graph of porosity versus surfactant versus functional group; 
Fig. 2 is a graph of pore size distribution of The mesoporoue silica film of Example 2; 
T3 Fig. 3 is & graph showing grazing indaenee x-ray reflectivity (GIXR) data for a mesoporous silica film prepared 

according to Example 2; and 

Fig. 4 is a graph showing GIXR data Tor a mesoporous silica film prepared according to Example 14. 
DETAILED:DE SCRJPTlQN OF THE INVENTION 

20 

[0015] Films according to the Invention can be provided by the following preferred process, wherein a spinning so- 
lution containing a ceramic precursor (e.g.,. a silica precursor) is applied 10 a substrate and spun on a spin processor. 
{0016] Although silica is the most preferred ceramic film, the invention contemplates the use of other ceramics. As 
used herein, thu> torm ceramic refers to complex compounds and solid solutions of both mpteiQc and nonmetallic cte- 

2$ ments joined by ionic and covalent bonds. Most often, ceramic materials are a combination of in organ ic elements. 
Occasionally, ct. ram ic materials may contain carbon. Examples of ceramic materials include but are not limited to metal 
oxides, compounds of metal oxides, metal carbides, and nitrides, and carbonates. Mom specifically, for example, ce- 
ramic material include but are not limited to silica, tltanta, alumina, titanium silicate, titanium caftoice, aluminum nitride, 
silicon carbide, ind silicon nitride. Ceramic materials may be found naturally in animal shells, bones, and teeth or may 

so be found in poj . elain or other man made products. 

[0017] The st .inning solution from which the film is formed Is preferably provided by the following two-step process. 
In the first step a stock solution of partially hydrolyzed silica Is provided. This is preferably accomplished by reacting 
a silica precursor (such as, e.g., tetracthylorthoslllcate), an alcohol (such as, e r g. r ethanol), water and an acid catalyst 
The resulting stuck solution is aged for a period of time (preferably about 50-150 minutes, more preferably about 90 

55 minutes) at elevated temperature (preferably about 40-70' C, more preferably about 60»C), and fs then used in the 
second step. 

[001 8] In the second step for preparing the spinning solution, a portion of this stock solution is diluted with additional 
alcohol [Le., an alcohol diluent, which Is not necessarily the same as the alcohol used In the first step), a monofunc- 
tionalized alkoxysftane can be added, along with more add catalyst, water, and the surfactant. The surfactant f unctions 

4Q as the pore former in the mixture. 

[0019] Suitable ceramic precursors for use in the spinning solution providing process Include, e.g., tetraethoxysHane 
(TEOS), tetramcchoxysHane (TMOS), titanium (/V) isopropoxide, titanium (IV) methoxlde and aluminum secHbutoxIde. 
[0020] Sultaoti! alcohols for use in the first step of the spinning solution providing process Include, e.g„ ethanol, 
methanol, prophnol (e.g., isopropanoJ), Isobutanol and n-buranol. 

** [0021] Suitable ataohDl diluents Tor use in the second step of the spinning solution providing process Include, e.g., 
ethanol, methane, propane! (e.g„ isopropanol), Isobutanol and n-buianof. 

[0022] The acid catalyst used in the spinning solution providing process Is prefenfciy an organic add. Specific ex- 
amples of add Lritalysts include, e.g., acetic acid, oxalic acid and formic acid. 

[0023] Suitable functionalized alkoxysilanes for use In the spinning solution providing process include RSKOR'fe; 
*> R^lfOttfe; R 3 StOR'; RR , SI(OR"> 2 r and RR , R-SIOR-»; where R, R\ R" and FT are Individually alky! <i.e. methyl, ethyl, 
Isoprepyi, butyl) or aryl (i.e. phenyl); e.g., methyltrlethoxysilene and pbenyttriethoxysilane; or RgSitOR'fe; RgSiOR 1 , 
where R Is phony!, CF 3 or butyl and R" la as defined above. RgR'SiOSiRgR' and RR'R"SIOSiRR'R" whore R, R' and R" 
are defined as anove can aJso be used. Use of alkylalkoxyar lanes improves the k stability, white maintaining low k and 
high modulus. 

55 [0024] Surtabk-surfactanlsforuschthespinningsoiutionprovidlngprocess include, e.g., Pluron)cL121,L123,L31, 
L61, L101 and Pi23 (BASF, Inc.), Brij$6 (C^H^IOCH^CH^^OH) <ICI), Brij 58 (C^H^OCHaCHafeoOH) (ICI) and 
Surfynols 465 aii J 485 (Arr Products end Chemicals, Inc.). The surfactant can be an ethylene oxide propylene oxide 
(EO-PO) blocK copolymer or polyoxyethylene alkyl ether. Preferably, the surfactant to an ethoxylated acetylehic diol. 



ftOSOCCJOs^eP, UZ3753A2 I > 
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such as the Sudynols available from Air Products and Chemicals, Inc. of Allentown, PA. It is particularly preferred 1o 
provide surfacumts wherein the metal content is less than 20 ppm. Such Surfactants are available from 101 Surfactants 
(Uniqema) of Wilmington, DE under tne trademark Brij, Air Products and Chemicals, Inc. of Allentown, PA under the 
trademark Sunyn ol and from BASF Corp. Performance Chemicals ot Mt Olive, NJ under the trademark Pluranic. 

5 [0025] The spinning solution to applied to a substrate (e.g., a SI wafer, Sl 3 M 4 . Al, Pt, etc.) and the solution Is spun 
on a sp In processor. This rapid motion causes the volatile alcohol to be removed, inducing film formation. As the alcohol 
is removed, the surfactant concentration Increases above the critical micelle concentration {C^ and an ordered liquid 
crystal phase i:, formed in solution. The silica precursors present form a network around the liquid crystal and, as 
hydrolysis and condensation reactions proceed, the networx forms a solid thin fJfcn, Upon calcination to remove tho 

10 surfactant, the s.iiica network is reacted further to form a rigid thin film, 

I0D26] By varying process parameters, it is poesble to tune the dielectric constant Df the film of the Invention. This 
is accomplished by varying the pore size and distribution of the pores In the film. The films of the Invention are mes- 
oporous, which >s defined for purposes of this discJosure to denote pom sizes of less than about 500 A, more preferably 
in the range of ribout 13 A to about 500 A, and most preferably 20 A to 50 A. It Is prelerred that the fDm have pores of 

*s uniform size, and that the pores are homogeneously distributed throughout the Rim. Films of the Invention preferably 
have a porosity of about 50% to about 60%, more preferably about 55% to about 75%. 

[0027J The Inventors have determined that ft is possible to prepare films with varying porosity by manipulating the 
amount and typ«- of surfactant in a formulatjon. A minimum level of porosity is critical to achieve a dielectric constant 
of less than 2.3 Also, ft is necessary to keep the films free from adsorption of water. Water has a delectric constant 
of 76.5, so adsorption of even small amounts of water will increase the dielectric constant to unaecaptably high values. 
Films of the inve ntion have reduced hygroscopicity and Increased dielectric stability, 

[002BJ The present invention increases the sheJMIfe (I.e., the gelation time) of film-forming solutions. This Is a Critical 
requirement for use of these solutions to form films. If the solutions are only viable for a short amount of time, as 
euggostcd by U 3. Patent No. 5,658,457 to Brinter ct ei„ which states that the longerthc flJm-forming solution is egod, 
& the less porous ihe films that are formed, the cost of ownership would be too high to be employed for the desired 
applications. Tht> gelation tine for films of tho invention is at least 24 hours, and more preferably at loast 300 hours, 
when stored ei noout 22"C. 

[DD29] The Invr fntive process employs chemicals that are accepted for use in the electronics industry, because they 
do not contain contaminants which reduce the efficiency of preparation of Integrated circuits. HCI, HBr, H^SO^ and 

30 HgP0 4 acid catalysts, catlonlc surfactants and anionic surf octants are preferably avoided, as they contribute undesir- 
able counter-ionc to the films of the Invention. However, HNO a Is an acceptable add catah/st presumably due to its 
innocuous decompostlon products. Films of the Invention preferably contain contaminating metals in amounts lees 
than 500 parts piv million (ppm), preferably less than 1 ppm, more preferably less than SOO part per billion (ppb). Films 
of the Invention preferably contain contaminating halides in amounts less than 1 ppm, preferably less than 7S0 ppb, 

& more preferably icas than SOO ppb. 

[0030] It te possible to prepare these films in a period or time, typically less than 30 minutes , which is acceptable to 
achieve reasonable production rates of Integrated circuits. 

[0031] In order io reduce the dielectric constant, It is preferable to dehydroxylate (anneal) the dried film. This may 
be done by placing the substrate in a dry atmosphere with an agent, such as hexamethyldiBilazane (HMDS - see, e. 
40 g_, u,S. Patent N w . 5,955,140), or by otherwise contacting the substrate unoer suitable conditions with HMDS. HMDS 
substitutes trimeti.yl&Uyt groups for much of the water and/or hydroxyts bound to the dried gars pore surfaces. This 
replacement may oe performed at room temperature, or warmer. This replacement can not only remove water and/or 
hydroxyls, It can m&o render the dried film hydrophobic, 

[OD32J The invention Will be Illustrated in more detail with reference to the following Examples, but It should be un~ 
deretood that the present Invention Is not deemed to be limited thereto. 

[0033] In the E>*mples, dielectric constants were determined according to ASTM Standard D150-8S. Film porosrty 
was estimated by me Maxwe/1 model with Ihe Nlm dielectric constant and the dieleclric constant of dense silicon oxlao 
(4.2). The films vwre spun on low resistance (0.O1 flcm) single crystal silicon wafers and calcined to 400°C. After 
calcination, the film thickness (d) was measured by a Tencor P-2 profllometer. The thickness error is less than 2%, 
50 The capacitance-voltage were measured at 1 MHz with a Solotron 1260 frequency analyzer and MSI electronics Hg401 
mercury probe. The errors of the capacitance and the mercury electrooe area (A) are less than 1%. The substrate 
(wafer) capacitance (C Sf ), background capacitance (C D ) and toteJ capacitance (C T ) were measured end the film ca- 
pacitance (C f ) is calculated by Equation (1): 

C f = c m (Oj - C b ) / [C ri - {Cy - cy] Equation (1). 
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The dleleetru constant of the film is calculated by Equation (2); 



e = Cj d / £q A Equation (2) 

Tne totar error of the dielectric constant is expected to be less than 5%. 

[0034] The Wm porosity can be measured by spectroscopic ellipsometry W th ere is water adsorption. The trims were 
spun on a sin. lie crystal silicon wafer and calcined as in Example 2.Tne signals were collected by an SE 800 (Sentech 
Instruments GMbH) end calculated by Spectrorsy software using the Bruggemann model. The thickness and percent- 
age of air wet i: simulated in the wavelength ranee from 400nm to 300 nm with mean square error about 1 or less. The 
simulated trjli (messes usu tally were In good agreement with The thicknesses measured by profilometer (within a few 
percent difference). 



Example 1 ; Siandard stock solution using HCI as the acid catalyst 

[00351 A stuck solution was prepared using HCI as the acid catalyst. Ihto a dean PTFE container were measured 
in the following order 61 ml tetraethyforthosiicate (TEOS), 61 ml ethanol (absolute), S mJ deionized water, and 0.2 ml 
0.D7M HCI somtlon. The container was sealed, and placed in a water bath at 60*C for 90 minutes. The solution was 
allowed to coui to room temperature, and was then used to prepare a spinning solution. 

Example 2: Standard spinning solution using O,07M HCI 



[0036] A spirting solution was prepared using the above stoc* solution, by mixing into a tared polypropylene bottle 
10 ml of the :.iock solution, 10 ml ethanol, 0.42 ml [(CHaCHgOjgSIICHgWCFgfeCFal referred to as tridecafluoro- 
1 J,2,2-tetrqrry(lroocryh1-ir1ethoxysflane (TFTS), 0.4 ml dobnized water, and 1.0 mf 0.07M HCI. The weight of the 
solution was ontcrmincd, and Pluronlc L121 (ethylene oxioo-propyleno oxldo (EO-PO) block copolymer) surfactant 
was added at r\ weight percent of that amount. The rosulling solution was sonicated for 20 minutes, and the resulting 
clear color! os;. solution was filtered through a 02 micron syrinoe finer. 

[0037] A thin film was prepared by depositing 1 2 ml of tho spinning solution onto a Si wafer, while spinning at 500 
rpm for 1 0 seconds, the speed was increased to 3000 rpm for25seeonds. Tho fDm was clear and homogeneous across 
the wafer. Calcination to produce the porous silica film was dona In a Ng purged box fgmnce, by healing the film at 
S*C per minute to 425«C f and holding at 425*C for 30 minutes. The furnace was allowed to cool to room temperature, 
and the film chi •r acteristics were measured using spectroscopic ellipsometry. The resulting film was 0.72 microns thick, 
with e refractlvt- Index of 1 .1 960. Tnfe refractive Index relates to a porosity of 55.fi^ f and suggests a dielectric constant 
of 2.1B. 

[003fi] Examples i and 2 are representative of the use of HCI as the acid catalyst and a polyalkylene oxide block 
copolymer as e surfactant. The use of HCI as a catalyst in the preparation of sol gel solutions would preclude its use 
in microelectronic applications. Potential reactions with both metals used to form Integrated circuits as well as barrier 
materials could cause significant reduction in the efficiency of these circuits, it is critical that alternative catalysts be 
found, which provide at least equivalent performance in the preparation of the films in terms of porosity and dielectric 
constant. Accepiable candidates are adds that do not corrode metals commonly employed in microelectronics such 
BSCuandW. 

[0039] AeeorompJy, experiments to identify alternative acid catalysts were carried out with hydrofluoric add (HF), 
acetic acid (HOAc), oxalic acid, and formic acid. All were used in both steps of the process to prepare films, with fixed 
functional group and surfactant. Brinkerand Scherer (Blinker and Scherer, Sol-Gel Science, p. 118 (Academe Press, 
Inc., Hareourt Biace Jovanovich Publishers, 1S90)) usts the gel times and pH for TEOS systems employing different 
acid catalysis. Ai constant acid molar amount to TEDS. HF gives tne shortest gelation time (12 hours), followed by 
HOAc (72 hours* and then HCI {92 hours). This suggests thaT at the same concentration, HF and HOAc should give 
comparable perf..rmanee lo HCI In this application. However, Examples 6-10 (below) demonstrate thai, at equivalent 
concentration, n.»ne of the alternate acids showed comparable performance to HCI. Therefore, similar tests ware con- 
ducted using 1M HOAc and concentrated (I.e., 99.7%) HOAc (see Examples 11-14, below). The results indicate that 
there is an "induction period" for the acetic acid solutions, but after about four days, comparable results were obtained 
when compared to similar solutions using HCI at o.OTM. Both solutions remain active for at least two weeks at room 
tcmperaturo, if cnolcd bolow room temperature, these solutions are effective beyond that period. Those results are 
demonstrated in ihe shetf-life study, Examples 12 & 14, below. 



5 
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Example 3: Stock solution prepared using O.Q7M HF 

[O040J a stnck solution was preparod using HF Instead of HCI as the acid catalyst. Into a clean PTFE container were 
measured in ihe following oroer 61 m! TEOS, 61 ml ethanol (absolute), 5 ml deionlzed water, and 02 ml O.07M HF 
solution. The uontainer was sealed, and placed In a water bath at 60*C for 90 minutes. The solution was allowed to 
cool to room temperature, end was then used to prepare all of the following spinning solutions. Three different spinning 
solutions war., prepared using this above stock solution, each had a different amount of 0.07M HF. Since HF is a 
weaker add ti .an HCf m water, tne amount was varied in an attempt to compensate for the weaker acid. 



to Example 4; Spinning solution prepared using 1 .0 ml 0.07M HF 



15 



[OD41] In a polypropylene (PP) bottle the following were measured in the order given: 1 0 ml stock solution above, 
10 ml ethanol. 0.42 mJ TFTS, 0.4 ml deionizeo water, and 1.0 ml 0.07 M HF solution, The weight of this solution was 
obtained, and f luronte LI 21 surfactant was added at 0 weight percent of the solution weight. The solution was sonicated 
for 20 minutes m a small ultrasonic bath. Tho resulting homogeneous, clearsolution was Tillered through a 0.2 micron 
syringe filter. 1 nls somtlon was then spun onto a prime low resistivity 4 Inch Si wafer, oy dispensing 1 2. ml of the final 
solution onto Xue center of the wafer, while spinning at about 500 mm Tor about 10 seconds, and then spun at 3000 
rpm for 25 seconds. The Tfims were then calcined In a N a purged box Turnace by heating ai 5'C per minute to 425°C> 
holding at temperature for 30 minutes and allowing ihe furnace lo cool lo room temperature. The nim was then tested 
20 by measuring 1 1 ie refractive index. 

Example 5: 0.6 ml 0.07M HF spinning solution 

[0042] This s« .lutfon was prepared ueing the stock solution In Example 3. Instead of using 1 .0 ml of 0.07M HF solution 
23 flS Jr " Sample 1 , 0 .8 ml wore used. Tho solution was treated the same as in Example 4. 

Example 6; 1.2 mJ o.OTM HF spinning solution 

[0043] This st . lutten was prepared using the stock solution in Example a. Instead of using 1 .0 ml of 0.07M HF solution 
so bs in Example 4 . 1 2 mJ were used. The solution was treated the same as in Example 4. 

Example 7: Sto*:* solution prepared using o,Q7M acetic acid 

[0044] A stock solution was prepared following Example 1; except using 0.07 M acetic acid In place of HC! in the 
Ss process. The same amounts of the other reagents were used. 

Example fl: Acetic acid spinning solution 



4* 



50 



55 



[O045J Into a ti.red polypropylene bottle were added in the following order: 1 0 ml stock solution prepared m Example 
7, 1 0 ml ethanol, < U2 ml TFTS, 0,4 ml deionizod water and 1 .2 ml 0.07M HOAc. To that solution, 1 ,62 g L121 surfactant 
was added. Thai weight was b weight % of the solution weight The solution was sonicated for 20 minutes, and the 
resulting clear, cdoness solution was filtered through a 0.2 micron syringe filter. 

Example 9: Stock solution prepared using 0.07M formic add 

[0046J A stock solution was prepared following Example 1 , except using 0.07M formic acid In place of HCI In the 
process. The san >& amounts or ihe other reagents were used. 

Example 1 0: Formic acid spinning solution 

[00477 Inioatar^pcyp^enabo^ Example 
9, 10 ml ethanol, 0,42 ml TFTS, 0,4 ml doionized water, and 1 .3 ml 0.07M formic acid. To that solution 1.58 g L121 
surfactant was aeued. TTiet weight was fi weight % of the solution volume. The solution was sonicated for 20 minutes, 
and tho resulting , leer colorless solution was filtered through a 0.2 micron syringe filter. 

[0048] All five spinning solutions from Examples 4. 5, 6, fi and 10 were used to prepare films on Si wafers In the 
same way. About i, 2 ml of each solution was dispensed separately onto an individual wafer. The weTer was spun at 
500 rpm for 10 seconds, and then accelerated lo 3000 rpm and held for 25 seconds. At the end Of the process the 
wafers were placed in a N 3 purged box furnace, and heated at 5*C per minute to 42S*C. held for 30 minutes and 
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allowed to c«»ol to room temperature. None of these films survived me calcination process. It was surprising that the 
alternate aci< is were ineffective in catalyzing the sol gel reaction at the concentration and amount used in the Examples. 
Given the dfria in Brinker. one would have expected similar results a! the same concentration, 
[0049] The solutions were stored in tha refrigerator and used to prepare films again attar different times. After four 

9 days, the acetic acid and HF Catalyzed solutions were able to spin good films with poor optical quality, but porosities 
of about 60^--, while the formic acid catalyzed solution could not. 

[0050] Exar itples H end 1 2 demonstrate the effect of concentration of acetic add on film characteristics. As noted 
above, the 0 07M HOAc and formic acid films were of poor quality initially. Therefore, the concentration of the acetic 
acid catalyst m bom the stock solution and spinning solutions was varied. Two different concentrations were used, 

10 1 ,0M and concentrated (99.7%). 

Example 11 i OM HOAc stocK solution 

£0051] A siock solution was prepared following Example 7, replacing the 0.07M HOAc solution with 1.0M HOAo 
is solution. All olher reagents were the same, and the solution was treated as in Example 7. 

Example 12 1 OM HOAc spinning solution 

[O052J A spinning solution was prepared following Example B, except using 1 .0 ml or 1.0 M HOAc in place or 1 2 ml 
so of 0.07 M HOAc in the process. The same amounts of the other reagents were used. After two days aging at room 
temperature, mis spinning solution produced films 54% porous and about 0.2 microns thick. 

Example 13: Concentrated HOAc stock solution. 

& [0053] A stride solution was prepared following Example 7, replacing the 0.07M HOAo-soluticn with concentrated 
(99,7%) HOAr. All other reagents were the samo, and the solution was treated as in Example 7. 

Example 14: t'onccntrated HOAC spinning solution 

so [0054] A spuming solution was prepared following Example 8, except using 1 .0 ml of concentrated (99,7%) HOAC 
in place of 1 2 ml of 0.07 M HOAc in the process. The same amounts of the other reagents were used. After four days 
aging at room temperature, this sol produced films 58% porous and about 0,5 um thick. 

Example 15: tnelf-fffe study 

35 

[0055] A set of experiments designed to study the effect of the ago of tne spinning solutions was carried out using 
concentrated i.cetlc acid and 0.07M HCI to determine if there ware any effects due to the use or an organic acid as 
the catalyst fof the sol gef reaction. 

[0055] Two u.fferent stock solutions were prepared: (1 ) a first stock solution with concentrated acetic acid (99.7%) 
40 and (2) a second stock solution with 0.07M HCl. Spinning solutions were made as stated above using HCI and HOAc 
and were either stored in the refrigerator or at room temperature. Films were spun Irom the sols evary lew days. The 
films were thai, characterized by spectroscopic elllpsometry to determine the refractive index, which can be related to 
amount of porosity and ultimately dielectric constant. Table 1 summarizes the results of the study. 

45 Table 1 



Acid 


j Acetic 


Acetic 


HCI 


HCI 


Stored 


Cold 


Room Temp 


Cold 


Room Temp 






Porosliy (%) 






Days Old 


Example 14 


Example 14 


Example 2 


Example Z 


1 


40.7 


50.6. 


61.0 


57.4 


2 


45.7 


ss.e 


59.9 


56.2 


3 


35.6 


40.3 


52.5 


35.3 


8 | 51.3 


37,5 


54.0 


37.7 
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75 



SO 



40 



45 



10 



Table 1 (continued) 



Acid 


Acetic 


Acq Iks 


MCI 


HCl 


Stored 


Cold 


Room Temp 


Cold 


Room Temp 






Porosity (%) 






Days Old 


Example 14 


Example 14 


Example 2 


Example 2 


10 


56.6 


46.1 


55.4 


49.1 


14 


53,5 


32.0 


50.2 


38.5 


21 


57.9 


4A.3 


56.7 


53.6 



[0057] The ii .venters have discovered that it is possible Id prepare films with varying, porosity by manipulating the 
amount and type of surfactant in a formulation. A minimum lovel of porosity is crfcfcal to achieve a dielectric constant 
of less wan 2-:.. Also. J| is necessary to keep the films free trom adsorption of water. Water has a dielectric constant 
f« Zf«*' " ad,r l,rp !L° n ^ eVe " firT,B " amoUnts of wa 'er wilt IncrsRse th© diametric consiant to unftcceptably high valuos. 
[0058] it is possible to predict the dielectric constant of a mixture of ceramic materials and air Mixtures of Ideal 
dielectrics can bethought of as simply layers either parallel or perpendicular to an applied field. Ramos et al.. 443 Mat. 
Res. Soc. Symp, Proc. Vol. 91 (1997) presents data for some bulk aerogel materials which correlate with the parallel 
model, and non« the relationship of density (or porosfty) to the dielectric constant of a material. A complementary 
approach is to use the relationship derived by Maxwell (see Kingery et al. , above), which is based on spherical particles 
in a matrix. The inventors hfive used the latter to predict the dielectric constant of mesoporous silica films. The porosity 
is obtained via rpcetmscopic elfipsometry, which measures the refractive Index of the film. In specific cases, the meas- 
ured dietectric r onstant and the dielectric constant calculated via porosity were compared and matchec within exper- 
imental error of Doth measurements. Some of the studies report only porosity as a gauge of the dielectric constant 
[0059] As Ramos et al, points out, ft is important to be able to tune the porosity of films to achieve the appropriate 
dielectric const* m as well as mechanical properties. The ability of the mesoporous films of the instant Invention to vary 
in porosity is desirable for both extendible and ability to meet current Integration requirements. 

Example 16: Solutions containing Brij SB and PTES orTFTS 

[0060] This sti «dy specifically restricted the choices to nonlonle surfactants In order to reduce potential contaminants 
such as alkali rrx. rals and halloas associated with the cationic surfactants typically used. Block copolymers of ethylene 
oxide and prepyhine oxide as well as poryoxyethylene ethers were used as surfactants. Trie amount of surfactant as 
a weight fraction of the spinning solution was examined. In addition, two Different functional groups were analyzed. 
The functional groups are menosubstltuted ethoxysilanes, with the general formula F^SKOCHoCH*). In this case, me 
two functional groups (R) studied were phenyl (PTES) and [CH 2 )^CF^ 5 CF 3 (TFTS), 

[Oqgi] a spinning solution was prepared using 1 0 ml or a slock solution prepared fn Examplo 1 , the stock solution 
was dflutcd with 10 ml cthanol, the molar amount of functional group as a porcent of tho total silica in tho solution 
indicated In TsbU, 2 was added, along with .0.4 ml deionized water, and 1 .0 ml Q.07M HC|. The weight percent of *e 
surfactant ^Jn thif. case Brij 56, (C^lOCH^H^oOH)) as Indicated in Table 2 was added to the solution. Each of 
the ten solutions was sonicated for 20 minutes and filtered through a 02 micron syringe filter. Each solution was then 
spun onto a Si W ;.Fer, using about 1.2 ml of the spinning solution for a four-Inch wafer. Spinning speeds and duration 
are comparable to those noted rn the above examples. The wafers were then calcined in a box furnace by heating the 
films in at a r&ie of 5 6 C per minute to 425'C and holding for 30 minutes beroro cooling to room temperature. The 
refractive index foi each fi*n was measured using spectroscopic eiijpeometry and the porosity of each was calculated 
The percent poros.ty value of each film is shown in Table Z, In the case of the film prepared with 5% TFTS and 6% Brij 
56 tte fiimwas cuated onto a low resistivity prime Si wafer and the dielectric constant was measured using a Hg probe 
™J^af^ (t 0.3). At4l%porosit y ,the predicted dielectric constant 

using me Maxwell relation would be 2.6. This difference is Mkefy due to water adsorption, and Illustrates the need lo 
mlnim^e moisture- adsorption. 





4% BrfJ 56 


6% Brij 56 


8% Brij 56 


10% Brij 56 


12% Brij 56 


PTES J 




35.1 









8 



PAGE 24/51 * RCVD AT 3ffi/2006 1:53:12 PM [Eastern Standard Time] * SVR:USPTaEFXRF-6/24 « DNIS:2738300 * CSID:4048817777 * DURATION (mm-ss):13-52 



Mar-08-2006 02:02pm From-ALSTON AND BIRD 4048817777 T-209 P. 025/051 F-027 

EP1 123753 A2 



Tabic 2 (continued) 





4% 8nj 56 


6% Brij 56 


B% Bn| 56 


10% Brij 56 


12% Brlj 5B 


35% PTES 




34.6 








5% TFTS 




41,9 


49.6 


50,7 


51.2 


20% TFTS 


53.4 


52.8 


54.6 


52,1 





Example 17: Solutions containing Pluronic P1Z3 and PTES or TFTS 

[0062] Table 3 shows the percent poro$lty results from this study, which lately corresponded to Example 1 6 with 
Pluronic P1&J substituted for Brij 56. 



Table 3 



15 





2%P123 


4%P123 


6% PI 23 


B% P123 


10%P123 


20% PTES 




23.7 




43.5 




35% PTES 












5% TFTS 






42.fi 


56.1 


58.7 


20% TFTS 


49.0 


51.5 


55.4 


Film failure 





Example 18: Solutions containing Pluronic L121 and PTES or TFTS 

[0063] Table 4 shows the percent porosity results from this study, which largely corresponded to Example 1 6 with 
Pluronic L121 aubstfcuted lor Brlj 56. 



Table 4 



55 





4% L121 


6%L121 


8% Li 21 


20% PTES 








35% PTES 








5% TFTS 




59.1 


59.2 


2D% TFTS 


S2.S 


58.6 





[0064] Fig. 1 shows the results from Examples 16-18. The results demonstrate that by varying both the type and 
amount of surlnciem ft is possible to tuno the po ros'rty of the films to achieve the desired dielectric constants for this 
40 sppiicatlon, an.i that there Is a critical amount abovo which viable films will not form. This Is not 1/npllod or suggested 
in tho prior art i aferencss. 

Example 13: Pr .^dieted versus actual measured dielectric constants 

^ [0065] A serif* of films were prepared on low resistivity, prime Sf wafers and their dielectric constants measured by 
Ho, probe, with minimal exposure to the ambient atmosphere. Table 5 compares the measured dielectric constant 
values with the values calculated based on the films' porosis estimated from the refractive index measured by spec- 
troscopic enipst;metry. 



Tables 



55 



Film 


Void Fraction 


Measured k 


Predicted x Maxwell 


5% TFTS/ 6% Brij 56 


0.471 


2.46 


2.46 


5% TFTS/ 6% P123 


U.4B0 


2.46 


2.43 


5%PTMS/B%P123 


0.290 


2.93 


3.07 


5%TFTS/S%P123 


0,498 


2.31 


2.37 
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Table 5 (continuod) 



Film 


Void Fraction 


Measured k 


Predicted x Maxwell 


5%TFTS/6%L12t 


0.507 


2.19 


2.35 



10 



15 



SO 



30 



40 



BO 



55 



10066] The correspondence for the predicted k value using the Maxwell equation and me actual measured dielectric 
value ere withm the experimental errors associated with both techniques. This example demonstrates the validity or 
using porosity m the film determined by spectroscopic ellipsemetry to predict the dielectric constant. 

Example 2a* P.-.re si7e determination 

[0067] Using a spinning solution ae described in Example 2, a thin film was farmed on a Surface Acoustic Wave 
(SAW) device i.s described in U.S. Patent No. 5,858,457, and also on a single crystal Si wafer. The films were treated 
in a similar manner as in Example 2. A nitrogen adsorption isotherm wbs measured on the film coated on the SAW 
device. From tr.is data, a pore size distribution was obtained, as Is described by Slaves et aJ., 5 Langmuir 459-66 
(1989). The porr? size distribution is shown In Fig. 2. 

[0068] The dielectric constant was measured as discussed in Example 16, It was found to be 2.17, which is very 
comparable to me dielectric constant thai would be calculated using the Maxwefl equation (2.19). 

Example 21 : Study of films prepared using acetic acid as the acid catalyst and rnethyltrtethoxysilane (MTES) as the 
functional group 

[006$] A stock solution was prepared as in Example 1 3, with concentrated acetic acid. One hundred ml of this solution 
was diluted with 1 00 ml absolute ethanol* To this 22 ml or MTES, 4.0 ml of defended K2O. and 1 0 ml of concentrated 
HOAc acid were, added. This solution was used to prepare 20 different spinning solutions using five dlnerem surfactants 
at various cono-ntratlons as indicated In Table fi. Pluronlc Fi27 Is available f rom BASF, 

Table 6 



Solution Number 


Surfactant 


Weight percent In formulation 


\ 


L121 


4% 


2 


L121 


6% 


3 


L121 


8% 


4 


L121 


10% 


5 


P123 


4% 


6 


P123 


6% 


7 


P123 


8% 


8 


P123 


10% 


9 


Brij56 


4% 


10 


Brlj5B 


B% 


11 


BrtJSB 


0% 


12 


BrQSd 


10% 


13 


BrljSe 


4% 


14 


BrijSB 


6% 


15 


Brlj56 


B% 


16 


BrIJSa 


10% 


17 j 


F127 


4% 


18 


F127 


6% 


19 


F127 


8% 



10 
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Tables (contlnuod) 



Solution Number 


Surfactant 


Weight percent in formulation 


20 


F127 


10% 



[0070) After I he spinning solutions had aged for 5 days at ambient temperature, films wore prepared on Si wafers 
end on SAW devices under the following spinning conditions. Tha solution was dispensed onto a wafer spinning at 
500 rpm, the wafer was spun at 500 rpm for 7 seconds, and the waf or was then accelerated to 1 200 rpmlor 40 seconds.. 
The films won.- calcined as In the above examples, and spectroscopic eiiipsometry was used to determine the refractive 
index and film thickness. The dm* for these films are simim«n>ed in Table 7. 



Table 7 





Mnmhi -r 

1 1 Wl 1 Iw 1 , 1 


Median Pore Sire t&\ . <^AW 


ni 


r*erccm rorosny (tuipsDrnetryj 


Thickness (nm) 


IS 


1 




1 iCiSQ 


JO QO/ 

4o.ovb 






2 


wr 


1 1 10/ 




4oU 




3 


*HJ 




at aw 
Dl .4% 


450 




A 


AA 




□3.0% 


450 




5 






Aft A6/ 






6 


37 


1.174 


61 .0% 


460 




7 




1.195 


56.8% 


517 


S3 


0 




T-372 


fio.i % 


333 




9 




1.277 


3fl.7% 


275 




10 




1.236 


48,2% 


203 


SO 


11 




1.226 


50.4% 


ZBB 




12 


40 


1^19 


52.0% 


310 | 




13 




1.249 


45.6% 


273 




14 




1.237 


48.1 % 


276 


35 


15 




1.234 


48.7% 


258 




16 




1.228 


50.0% 


273 | 




17* 










AO 


16' 












10" 












20' 











• - poor to'n quaUy, uomo crocking ftolkad. 



[0071] This study shows that the Pluronfc F1 27 Is not an effective surfactant at the concentrations tested. In the case 
of polh Brij surfactants, the amount of porosity was insufficient to give a low dielectric constant film- The PI 23 surfactant 
did yield a film *.eove 60% porosity ai 6 weight % In the formulation". At higher levels, It appeared to be Ineffective. It 
Is interesting thi .t there appears to be an optimal surfactant level for this particular surfactant. 

$o 

Example 22: EfU-ct of porosity using different alcohols 

[0072] A stock solution was prepared by combining the following In a clean FEP bottle: 61 ml of TEOS, 61 ml of 
isopropyl aJcohoi (IPA), 5,2 ml dalonl2ed h^O, and 0.2 ml of concentrated HOAc. This clear mixture was heated In a 
55 water bath at B0*'C for 90 minutes. The stock solution was allowed to cooi and used to prepare the spinning solutions 
used in the following examples. 



11 
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Example 23; Spinning solution with only IPA 

[0D73] In a cieen polypropylene bottle, 1 0 ml of the slock solution from Example 22, 10 ml IPA, 0,22 ml MTES, 1 .4 
ml H20, and 1 ft ml concentrated HOAc were added. To this clear, colorless solution was added 1 ,58g L121 surfactant 
5 This amount represents about 8% by weight of the total amount of spinning solution. This amount was fixed so that a 
direct comparison could be made with different alcohoi$ having different molecular weights and higher boiPng points 
than ethano). 1 ne solution was sonicated and filtered as noted in the above examples. 

[0074] This solution was spun onto a single crystal Si wafer and a SAW devi ce using the procedure from Example 
21, The films wsre calcined according to Example 2, and the dielectric constant by Kg probe as well as the refractive 
10 index using ellij isometry were measured. A adsorption and desorption isotherm was obtained on the film spun on 
the SAW device. These data are summarized In Table a along with the data for Examples 24 and 25, 

Example 24; Isobutanoi used to prepare the spinning solution 

is [0075] This example Is similar to Example 23, but uses isobutanoi instead of IPA to dilute the stock solution. 

Example 2S: Tc-rt-butanol <t-butanol) used to prepare the spinning solution 

[0076] This example is similar to Example 24, out uses l-toulanol Instead of isobulanol to dilute the slock solution. 

20 

Example 26: Wider post treatment 

[0077] As noivd above, It Is important to control the amount of water adsorbed Into the pores of the film, since water 
has a largo dlck-etrfc constant. It is JikOly that the presence of surface hydroxy! groups load to moisture adsorption. It 

S* Is well known that there are many possible ways to react these and render a surface hydrophobic. In the above exam- 
ples, the use of a monofu notional triothoxysllane (e.g., TFTS, PTES, and/or MTES) to yield a surface function group 
reduces the dielectric constant it may be necessary tD further remove or react additional surface hydroxy! groups. 
There ere many potential routes to do this (see, e.g., Impens et al., Microporous and Mesoporous Materials, 1 999, 28, 
217-232). The inventors examined the use ef a silylating reagent, hexamfithyldislla7ftne (HMDS). 

so [0078) Films prepared according to Examples 23 and 24 were removed from the box furnace after calcination and 
placed in a pern dish. Neat HMDS was dispensed onto the surface of the film with a syringe. The petri dish was then 
covered and the film was allowed to sit In contact with the HMDS for several minutes. The excess HMDS was drained 
from the surface of the wafer and the wafer was placed on a hotplate at about 35Q»C for one minute. Properties of the 
films were trten tested usingthe Hg probe to measure dielectric constant and the spectroscopic eDlpsometer to measure 

55 the refractive innex. The results are shown in Table 8, 



Table 6 



40 



so 



Number 


Alcohol 


Days old 


HMDS 


MetSan 
Pore Size 
(A) - SAW 


K 


Rl 


Percent 
Porosity 
(Ellipsomotry) 


Thickness 
<nm) 


23 


IsopropanoJ 


5 


Ne 






1.093 


7B.B% 


690 


24 


isonutanol 


5 


No 






1.147 


67.0% 


615 


25 


t-butanol 


5 


No 






1.133 


70.0% 


328 


23 


IsopropanQl 


7 


No 


58 


2.70 


1.144 


67.8% 


705 (675) 


24 


Isouutanol 


7 


No 


69 


2.63 


1.155 


65.2% 


651 (626) 


25 


t-frnrtanol 


7 


No 


&B 




1.137 


69.1% 


373 


28-1 


isopiopanol 


7 


Yes 




2.12 


1,1-52 


65.9% 


709 (645) 


26-1 


isonutanol 


7 


Yes 




2.0B 


1.168 


62.6% 


653 (619) 



[0079] The values of Table a in parentheses ere thicknesses as measured by profilometry using a Tencor for com- 
& parleon to the thicknesses calculated from the ellipsomotry measurement. This study clearly shows that en all IPA 
solution with HMDS treatment or a film prepared with an IPA stock solution and isobutanoi would be effective for 
producing a low dielectric constant film. 



12 
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Example 27: x-ray diffraction data 

[OOBO] The iow dielectric constant property of mesoporous silica films results from high porosity associated with 
empty rnesopures. The pore geometry and spatial arrangement of mesopores in the amorphous silica matrices can 
5 be remarkably periodic, but also may appear O-ray amorphousD in materials with no Jong range spatial pore ordering. 
Although these materials may exhibit Isotropic bulk properties in powder form, their mechanical a nd electrical properties 
may be anted topic in highly textured (i.e., single crystal) thin films because of the geometry and orientation of the pore 
system relative to the Si wafer surface. 

[OOOT] X-ray dltf taction techniques provide one of the best methods to structurally characterize these materials. In 
io contrast to TEM images, x-ray data can be obtained nondestructive^ from the waferwlthoul sample preparation, and 
averages ovei millimeter areas as opposed to nanometers. 

[0082] Mesuporous silicas were initially prepared as powders and x-ray powder diffraction techniques wore instru- 
mental in detcj mining the structural nature of these materials and in routine phase identification. Beck et at., HA new 
family of mesnporous molecular sieves prepared with liquid crystal templates,!!! 114 J.Am. Chcm. Soc. 10B34- 43 
(1992). The pnwder diffraction analysis of these materials requires data collection at relatively low. diffraction angles 
(O,5°-2.0* 2tt) uaeause ot the relatively large spacings (20-1 00 A) associated with the primary lattice translations. While 
not terribly difficult on a modem powder diffractometer, these measurements do require careful low-angle instrument 
alignment ana sample preparation. However, analyzing thin films of these materials on wafer substrates presents 
serious challenges for conventional x-ray powder diffnictomelers. Our early experiment revealed targe changes in 
£0 diffracted Intensity due to minor changes in wafer orientation. Subsequent studies with area detectors confirmed that 
these intensity changes resulted from highly textured films. Some films were mora like single crystals than randomly 
oriented powders. 

[0083] Another problem is related to wafer size. Conventional powder dlff tactometers cannot accommodate large 
(e.g. , 6 Inch or H inch) diameter wafers. These problems led us to evaluate additional x-ray tochniq uos and instrumen- 
ts tation, including area detector systems and grazing incidence x-ray reflectivity (GlXFQ, See, e.g., Bowan et el., Nan- 
oteehnology, 1^93, A t 17S-182. 

[0084] Diffraction instrumentation wfth a high-resolution sample stage and area detector instead of a Cbne-dimen- 
sionaO scintillation counter offers significant advantages for analyzing textured materials. Instead of recording Dnly a 
small segment of a diffraction ring, an area detector can record the complete ring in transmission mode and one half 
so of the ring in re flection mode. This is sufficient to detect some single crystal reflections and low resolution specular 
and diffuse grazing incidence x-ray reflection data. Grazing incidence analyzes x-rays reflected at low angles from the 
sample surface; Unlike conventional diffraction techniques. GIXR is sensitive to the electron density distribution In the 
top micron layer* of the surface and is independent of crystallinity or physical stale. 

[OOfis] High-resolution GIXR data was obtained on a Bede Di diffraction system with a high-resolution five-axis 
35 sample stage, „ Si (220) incident beam monochromator, a scintillation detector and CuKa radiation. GIXR data was 
collected In mode from 25 arc seconds to 2500 arc seconds. Figs. 3 and 4 Show representative GIXR data for 
films prepared wording to Examples 2 and 14, respectively. 

[0086] Rg. 3 utots intensity verses angle m are seconds. This diffraction pattern Is consistent with a film that is about 
5000A thick ana has approximately 47% of the density of bulk silica. This is consistent with the ellipsometry data shown 
40 in Example 2. The plot shows only reflectivity of the x-ray beam. There Is no Indication of Bragg diffraction In thte 
angular range. Oils result Indicates that although the pores present in the film are of uniform size (as show In Figure 
2, Pore size dis t rfbutton from SAW data), the degree of order is not on a long enough length scale to diffract the incident 
x-rays. 

[0087] Fig. 4 f.hows the GIXR data for a film prepared according to Example 14. "mis film Is very different than the 
45 fjjm produced In Example z. in this case, the sample snows no fringes, but also no appreciable density gradients (i,e f| 
the film Is Isotropic). There is a Bragg diffraction peak at about iBSO arc seconds (1.04 1 28). This relates to about a 
85A pore cenloi to pore center distance. Although Lite film does show Bragg diffraction, il is outside the range observed 
by Brinker et al In U.S. Patent No. 5,350,457. 

50 Example 28; Unfunctionallzad films using concentrated HO Ac 

[OOSe] A spinning solution was made using 20 ml of stock solution prepared according to Example 13, 20 ml of 
absolute ethanoi, 0.5 ml TEOS (jn placo of any fu fictionalized tricthoxysllane), o.a mi de ionized water, and 2.0 ml of 
concentrated aortic acid. To this clear and colorless solution was added 3.0og of Li 21 surfactant, accounting for fi 
ss wefght % of the spinning solution. The solution was fiftered through a 0.2 micrometer syringe filter, and split into two 
equal lots. One tot was placed in a water bath at 70°C for 9 hours. The healing was done to see If (t could be used to 
reduce the induction period seen with acetic acid containing solutions. The other lot was allowed to stand at room 
temperature. 
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[0089] Both solutions were spur* onto single crystalline SI wafers In accordance with the procedure described In 
Example 20. i ne films were Treated as those oT Example 20. Characterization data are shown In Table 9, along with 
comparative o.ita from Example 29. • 

s Example 29: Unfunctionalized films using 0.07M HCI 

[O0$0] This is a comparative example to Example 2B, using a stock solution like that in Example 1 , and replacing 
the concentrHirjd HOAc in Example 28 with 0.07M HCI. This solution was difficult to filter through a 0.2 micrometer 
syringe filter, so a 1 .0 micro meter filter was used. The solution was split Into two lots, and treated as in Example 28. 
to The characterisation data are shown in Table 9. 



Table 9 



TS 



20 



so 



Number 


Days old 


Rl 


Percent Porosity 


Thickness (nm) 


HOAc heated 


0 


1.2112 


S2.6 


140 


HOAc room temp. 


0 


1.2698 


40.2 


33.3 


HCI heated 


0 


1.1995 


55.1 


770 


HCI room temp. 


0 








HOAc heated 


1 


1.1B17 


5B.9 


193 


HOAc room temp. 


1 


1.2102 


52.B 


9B.0 


HCI heated 


1 


1.1924 


56.6 


726 


HCI room temp. 


1 


1.1692 


61.6 


792 


HOAc heated 


7 


1.1566 


64.3 


469 


HOAc room temp. 


7 


1,1589 


63.8 


431 


HCI heated 


7 


1.1919 


56.7 


717 


HCI room temp. 


7 


1.1844 


58.3 


72S 



[0091] This eiudy shows that the heating is somewhat effective in speeding up the aging process. The initial films 
for the acetic end (both heated and room temperature) are very thin, variation of the spinning conditions would be 
35 necessary to gri films of useable thickness. Alter seven days, it appears that the porosity and thickness for both of the 
[0092] HOAc lilms are comparable and would stiR yield useful low dielectric constant films, but the HCI films appear 
to be getting more flense. This demonstrates the potential to use heating of the solutions with weaker acids to reduce 
the length of the induction period required to yield useful films. 

40 Example 30: Stuck solution prepared using 0. 1 oM oxalic add. 

r0093] A stoch solution was prepared following Example 1 , except using 0. 1 0 M oxalic add In place of HCI In the 
process. The s&me amounts of the other reagents were used. 

45 Example 31 : Oxnlic acid spinning solution. 

[0094] Into a u in-d polypropylene bottle were added in the following order: 1 0 ml stock solution prepared in Example 
30, 10 ml ethennl, 0.22 ml MTES, 0.4 ml deionfred water, 1.0 mJ 0.1 0M oxalic add. To that solution 1.51 g L 121 
surfactant was added. That weight was B weight % of the solution weight. The solution was son baled for 20 minutes, 
so and the resulting dear, colorless solution was filtered through a 0.2 micron syringe filter. 

[0095] *niis solution was spun onto single crystalline Si wafers by depositing 1 .2 ml of the spinning solution onto a 
wafer while eplru ■ mg at 500 ram for 7 seconds. The speed was then ramped up to 1 200 rpm for 40 seconds. Calcination 
of the films was carried out as described in Example 2. The resulting films were characterized by spectroscopic ellip- 
sometry, Results are shown In Table 10. 

55 
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Table 10 



15 



Age of Oxalic Acid Sol (days) 


RI 


Percent Porosity 


Thickness (nm) 


2 


1.3894 


16.6 


430 


3 


1.1 580 


62.5 


soo 


4 


1.1731 


61.4 


B11 


7 


1.19S0 


56.6 


826 


6 


1.2026 


55,2 


710 


14 


1.2040 


54.9 


777 



[009G] These results are comparable to those results for concentrated HOAc shown in Example 28 find Table 9, and 
demonstrate that the stronger oxalic acid more readily catalyzes the sof-geJ reaction than acetic acid. This is expected 
for other stromi carboxyfic acids which could include grycoJic and glyoxaJlc acid among other*. 

Example 32: E inoxylated acerylente dioJ surfactants, 

[00S7] The p.eparalion or the spinning solution requires a slock solution, containing mainly Lha silica, elhanol, and 
water, an acid, uthanol, water, and a surfactant. The stock solution is prepared by mixing 28.3 g TEOS, 24,0 g ethanol, 
2.53 g of watai, and 0.11 g of 0.07 M HC|,.heBling the solution to 60°C for 90 minutes, and allowing the solution to 
cool back to room temperature before use. 

f009B] The spinning solution requires 8.8 g of the stock solution prepared above, 12.5 g ethanol, 0,4 g water, 1 g 
0.07 M HCI, and 2 g of surfactant, Surfynol 465 and Surfynol 4BS. Tho solution is then sonicated for 20 minutes and 
filtered through a 0.2-mlcron Acrodisc The solution are then dispensed onto wafers and spun to dryness. After the 
wafers aro prepared the surfactant Is removed us'mg thermal decomposition at 425*0 In t^. The results from these 
solution for both the Surfynol 465 end Surfynof 46S are shown In Table 11 . 



Table 11 



45 



Surfynol 4G5 
Dey 



thickness (nm) porosity (%) 



O 

1 

6 
11 
24 



516 
532 
479 
369 
473 



53.6 
57.8 
55.7 
55.0 
58.7 



SurfyrtQi 485 
Day 



0 
1 . 
6 
11 

24 



Ri 



1.1924 
1..1B68 
1.1968 
1.1998 
1.1B25 



Spinning 
Parameters 
1200 rpm, closed 
1200 rpm, closed 
180D rpm, open 
1800 rpm, open 
1B0O rpm, open 



thickness (nm) 


porosity (%) 


RI 


Spinning 








Para/neter* 


516 




1.1924 


1200 rpm, closed 


598 


61.0 


1,1719 


1200 rpm, closed 


.502 


55.1 


1.1594 


1800 rpm, open 


425 


54.3 


1.2031 


1800 rpm, open 


512 


. 56.7 


1.1919 


18D0 rpm, open 



55 



Examplo 33: Lovwv concentrations of ethoxyJated acotylenlc dioJs. 

[OD99J This example shows tho effects of lowering the surfactant concentration on the Mm properties. The same 
procedure as Example 32 was used except thai th e amount of Surfynol 465 was decreased from the original 8 wr% 
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(2.0 q) In the formulation lo 4% (1 .0 g) and 2% (0.5 g). All of wafers were spun in an open bowl configuration at 1 flOO 
r,pm. for 20 seconds and then calcined at 425 D C in N 2 to remove the surfactant. Results are in Table 12, below. 



Table 12 



Weight %3uriynoi ABB 


thickness (nm) 


porosity (%) 




e 




I 57.7 


1,1672 


4 


358 


35.B 


1.2906 


2 


291 


14.8 


1.3907 



Example 34: 1 thoxyiated acetylenie diols and Oxalic acid. 

[01 00] • This example shows the use of oxalic acid In place of the HCl. The preparation replaces the 0,07 M MCI in 
the spinning solution and stock solution with 0.1 M oxalic acid using the same weighed amounts of each reagent. The 
solutions are mixed, sonicated, and filtered through a o.2 micron Acrodlse before being spun onto a wafer. The wafers 
were spun In an open bow) configuration at 1300 r.p.m. for 20 seconds lo remove excess solution and solvent and 
then calcined »rt 425*C in N2 to remove the surfactant from The film. Results are reported In Table 1 3 r beJow. 



Table 13 



SO 



Surfactant 


thickness (nm) 


porosity (%) 


Rl 


Surf ynol 465 
Surfynoi 4B£ 


403 
405 


51.4 
S7.7 


1.2167 
1.1872 



Example 35: Purity analysis of Surfactants. 

[0101] This uxample shows the purity of the starting surfactant before any additional purification is attempted. The 
Surfynoi is denrjy much tower In thoso metals that have been screened for than many other qgmmercially available 
surfactants as shown below. By having these metals low In the initial material, the clean-up to the electronic grade 
should be much easier, i.e. < 20 ppb. Analysis results are reported In Table 14. Triton X-114 is available from Union 
Carbide Corporation of Charleston, VW. 



Table 14 



35 



Surfactant 


ppmNa 


ppm K 


Triton X-114 


427.6 


1.0 


BASF L121 


2.6 


433.1 


BASF L101 


0.24 


1.9 


Surfynoi 465 


o,ie 


0.81 


Surfynoi 435 


0.1 d 


0.85 



Example 36: Pore size determination. 



«fl - ?L * nows Pore sizes of the resulting fifrns using the Surfynoi surfactants from the preparations 

m the flrsl example after calcination. The following Table 1 5 shows that tho Surfynols give much smaller pore sfces, 
as measured ue,ng the SAW technique, than the block co-polymers, yet still have the porosity and refractive index 
similar to the mesoporous films. 



Table 15 



Surfactant 


Median Pore Diameter (A) 


Average Pore Diameter (A) 


BASF 1121 


50 


43 


BASF l_1 01 


41 


37 


Surfynoi 465 


29 


29 


Surfynp|465 


29 


29 
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Example 37; Kffect of methyftriethoxysilnne (MTES) and purified Triton X-114 surfactant amounts in formulatton On 
dielectric constant (k), k stability and mechanical properties 

[0103] A series of solutions were prepared where tha amounts of methyttrlethoxysilano (MTES) and purified Triton 
X-114 surfactant were varied lo determine an optimum combination of low dielectric constant (k), h stability (using an 
B5°C / 85% relative humidity (85785) test after 2 hours), and high modulus. 

[0104J The solutions were prepared using as a basis the following formulation. This rormulation is described as a 
50% MTES / <<% surfactant formulation as So weight % of the silica source is MTES and the surfactant is added at 5 
weight % of the total formulation weight. 



Table 16 





basis 


Chemical 


[grams] 


TEOS 


22.500 


MTES 


22.500 


Ethanol 


135.525 


Dl Water 


B.255 


TTvlAH (Z4 weight%) 


7.370 


0.1 N HNO, 


40.000 


Surfactant * 


11.800 


Total 


242.950 



05 



Table 17. Results for films prepared varying MTES and surfactant level. 



40 



% MTES [% Sur^ctantfmicknsssjRefractjvelKinfiial |k after! |%k JM 

ncreBselGPa) 



p. 




iNanoindentation 



35/B5 



oduluslHardnes 
!(GPa) 



L4B 



,53 



15.0% 13782 10.462 



40_ 
40 



11.200 I2.2S 



5169 



11.180 E.lT 



36 



K>9% (2.74 jp.343 



21 



K.7% 11.9B 



50 

50 

50_ 

B0_ 

60^ 

50 



JF- 



t12 



\1.217 |2.i5 j2^5 



4749 



254 



jl.206 
11.180 



{2.15 



12.35 



116% 



17 



53S 
KB3B 



£.05 (2.09 



I2_8% 



.41 



1.217 



[2.24 



12.0% 



.94 



.29 



(2,2% 
|1,9% 



.70 



1416 



.330 



.302 



492 



1.207 • 



.15 



.10 



10.301 
jo.258^ 



■ JS334_ 



VjB4 |2.01 



2.05 



g.0% 



55 



[0105] All fflrn>. were spun onto B" wafers and processed using the same anneal process (air cure at 3D. 1 80 and 
4D0-C for 1 .5, 1 t; end 3 minutes, respectively). The films were further thermally processed at 425 fl C for 6 minutes in 
a tetiucBd pressure of Ng, 

[01 06] . This siudy olgarty shows there is a tradeoff betwoen the mechanical and dielectric stability of the films. This 
can oo balanceo oy working at Jew surfactant and a modest amount of MTES. In this study, tho optimal mixture Is the 
60% MTES / 4 % ^urfactantformuleiion. This gave tho lowest k, best k stability, with the h Ighest modulus. The advantage 
is that no subsequent treatments are required to achieve dielectric stability. This simplifies the process need to prepare 
the film for dielenric applications. 

[0107] While tr»i invention has been described in detail and with reference to specific examples thereof, it wfJI be 
apparent to one ^Kilted In the art that various changes and modifications can be made thorefn without departing from 
the spirH and scope thereof. 
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Claims 

1 . A process for producing a ceramic fitm on a substrate, said process comprising: 

s preparing a film-forming fluid comprising a ceramic precursor, a catalyst, a surfactant and solvent(s); 

depositing said film-forming fluid on said substrate; and 

removing said solvent(s) from sard film-forming fluid on said substrata to produce said ceramic film on said 
subsuate, 

io wherein i aid ceramic film has a dielectric constant below 2.3, and a metal content of loss than 500 ppm. 

2. The method of claim 1 , wherein said dielectric constant is from 22 to 1 .3. 

3. The method of claim 1 , wherein said halido content is less than 1 ppm. 

15 

4. The method of claim 3 : wherein said hallde cement is less than Soo ppp and said metal content Is lass than 1 ppm. 

5. The method of dalm 1 , wherein said metal content Is less than 1 ppm, 

so a. The methi -d of claim 1 , wherein said metal content is tess than 1 00 ppb. 

7. The method of claim 1 , wherein said ceramic precursor is selected from the group consisting of tetraethoxysiiane, 
tetramethoxyBiiane, titanium (IV) isopropoxlde, titanium (IV) methoxide and aluminum eec-butoxide. 

ss 8. The method of dalrn 1, wherein said ceramic precursor Is an alkytelkcxysitane, which prevktee biproved k stability, 
maintains low k value and maintains high modulus. 

9. The methcrf of claim \ , wherein saW catalyst is an organic acid and said film-forming fluid is free of HCI, HBr, 
H 2 S0 4 , anrt H 3 P0 4 add catalysts. 



30 



S3 



SO 



10. The method of claim 1, wherein said catalyst fs selected from the group consisting of acetic acid, formic acid, 
glycolic add, giyoxylicackJ, oxalic acid and HNO$. 

1 1 . The method of claim 1 , wherein said surfactant is nonlonic and said film-forming fluid is freo of Ionic surfactants. 

12. Trie method of daim 1 F wherein said surfactant is a block copolymer of ethylene oxide and propylene oxide. 

13. The methoo of claim 1 , wherein said surfactant is selected from the group consisting of block copolymers of ethylene 
oxide and pr opyfene oxide and pofyoxyethyienB aJkyl ethers. 

14. The method of claim 1, wherein said surfactant is an etfioxylated acetyJenie dioi. 
15- The methoo of claim 1 , wherein said surfactant is an cerylpnenol ethoxylates. 

16. The method or claim 1, wherein sakJ solvent is selected from The group consisting of methanol, ieopropanol, Isob- 
uianol t ethanol and n-butand, 

1 7. The method of claim 1 , wherein said solvent removing comprises spinning said substrate and calcining said ceramic 
film on said & ubstrate, 

1 6. The method of claim 1 , wherein said film-forming fluid Is a sol having a gelation time of at least 300 hours. 
1fl. The method rrf dalm 1, wherein said ceramic film has a porosity of about 50% to about 8S%. 

20. A ceramic film produced by the process of claim 1 . 

21. The ceramic irlro of claim 20, wherein said dielectric constant is from 2.2 to 1 .3. 
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22, The cerarnic film of dafm 20, wherein said hftlide content is less than 500 ppb. 

23. The ceramic film of claim 20. wherein said metal content Is lees than 1 ppm. 

s 24. The cerei nta film of claim 20, wherein said metal content is less than 1 00 ppb. 
25> Tna ceramic film of claim 20, having a porosity of about 50% to about 60%. 

26. The ceramic film Of Claim 20, having a porosity of about 55% to about 75%. 

10 

27. The ceramic film of claim 20, wherein said film includes pores sufficiently ordered in a plane of the substrate that 
en X-ray < Hfl raction pattern of said film show? a Bragg diffraction at a d spacing greater then about 44 A. 

28. The ceramic film of claim 20, wherein said fifrn does not Include pores sufficiently ordered in a plane of the substrate 
*5 sucn that .in X-ray diffraction pattern of said film shows a Bragg dmmdion. 

29. A ceramic film produced by the process of claim 1 wherein said ceramic precursor is an alkylalKoxysltane, which 
provides unproved k stability, maintains low K value and maintains high modulus. 

£0 



2* 



30 



35 



40 



43 



55 
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FIG. 2 
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FIG.3 - 
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FIG. 4 
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forming fluid on the substrate to produce the ceramic 
film on the substrata. The ceramic film has a dielectric 
constant below 2.3, a bolide content of less than i ppm 
and a metal content of less than 500 ppm, making it use- 
ful for current and future microelectronics applications. 
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